sleep regulation. The human sleep-wake cycle is generally synchronized with the circadian rhythm of T c , partly because the propensity for sleep reaches its maximum during the declining phase of T c and partly because arousal is promoted after T c has passed its nadir.
4,5
Sleep structure is also related to changes in T c . SWS is decreased if the usual decrease of T c is restricted by an ambient temperature (T a ) above the thermoneutral zone 6 (here defined as the range of T a over which temperature regulation is achieved by control of sensible heat loss, without regulatory changes in either metabolic heat production or evaporative heat loss 7 ) . The thermoneutral zone itself shows a circadian variation, reflecting a corresponding circadian rhythm in the body temperature set point. 8 In contrast, stage 4 sleep is increased when the normal nocturnal decrease of T c is augmented by a constant, mild cold stress, although sleep efficiency (the percentage of time asleep relative to the time spent in bed) is decreased. 9 Thus, during the customary hours of sleep T a is an important determinant of both the quality and the quantity of sleep achieved, 10 and the appearance of SWS seems to be facilitated by a greater nocturnal decrease of T c .
Gradual changes of T a within the thermoneutral range while a person is sleeping can affect T c and sleep structure without inducing arousal. 11 In the experiments of Dewasmes and associates, 11 T a was maintained at 29 o C for 60 minutes after lights-out; it was then decreased linearly from C from 420 to 480 minutes after lights-out. This pattern of change advanced the nadir of T c (rectal temperature, T re ) and also increased the amplitude of change in T c during nocturnal sleep. Dewasmes et al 11 noted further that, under these conditions, the peak propensity for rapid eye movement (REM) sleep was advanced and the amount of REM sleep tended to increase.
Based on these observations, we hypothesized that, if, in contrast, the nadir of T a was delayed by a slower change in T a within the thermoneutral zone, then T c would reach a lower value after a longer delay and the amount of SWS would be increased, without any loss of sleep efficiency. We decided to test this hypothesis, in order to increase our understanding of how externally induced changes in T c could enhance sleep structure.
METHODS

Subjects
Our subjects were 7 young healthy men, living in central Japan, a region in which the ambient outdoor temperature throughout the year is 15ºC ± 8ºC (mean ± SD). The mean (range) of values for age, height, and body mass were 26 (22) (23) (24) (25) (26) (27) (28) history of sleep problems. They were nonsmokers and were not taking any medications. All gave written informed consent to participate in this institutionally approved study after the protocol, stresses, and possible risks had been fully explained to them.
Experimental Procedures
Subjects kept to their regular personal schedules for sleeping, waking, meals, and physical activity for at least 1 week prior to each polysomnographic session. Compliance was verified by the use of daily sleep diaries and physical-activity monitors (modified Kenz Lifecorder, Suzuken, Nagoya, Japan; for details of this apparatus and its use, see Togo et al 12 ). Subjects refrained from ingestion of alcohol or caffeine and avoided either napping or prolonged and/or strenuous exercise throughout the experimental period.
Two nights of habituation were followed by 1 baseline and 1 experimental nighttime polysomnography session, administered in random order (baseline-experimental [n = 4] or experimentalbaseline [n = 3]). The interval between 2 consecutive polysomnography sessions was at least 1 week. All night-time polysomnography sessions were carried out in a 3.0×3.0×2.5-m soundproof, air-conditioned, and shaded sleeping chamber. T a was monitored at 2 locations (near the subject's head and feet); values were maintained within ± 0.1 o C of the target figures, using proportionally controlled cooling and heating elements.
During each session, the subjects went to bed at their normal time and got up when they wished. They slept on a bed without a quilt and remained without covering or clothing except for their underpants. They ingested a normal amount of food and avoided hot soup and drinks from 300 minutes before lights out. From 240 minutes before lights out, the subjects sat awake in what was for them a thermoneutral condition (T a 29.5 o C, relative humidity 60%). After lights out, a constant T a of 29.5 o C was maintained throughout habituation and baseline sessions ( Figure 1A ). During the experimental night ( Figure 1A) , T a was maintained at 29. 
Measurements
Our indicator of T c (T re ) was monitored by a thermistor probe (LT-ST08-11, Gram Corporation, Saitama, Japan) inserted 10 cm past the anal sphincter. The local skin temperature on the left anterior surface of the mid-lower leg (T l ) was also monitored continuously, using a thermistor probe (LT-ST08-12, Gram Corporation) attached to the skin surface. T re and T l were recorded every minute by a logging instrument (LT-8A, Gram Corporation) and laptop computer (ThinkPad 380A, IBM Japan, Tokyo, Japan).
Electroencephalograms (C3-A2, P4-A2), bilateral electrooculograms (left, right), the mental electromyogram, and electrocardiogram (standard bipolar leads) were monitored continuously throughout each night. Analog signals for electroencephalogram, electrooculogram, electromyogram, and electrocardiogram were processed on a real-time basis at a sampling frequency of 200 Hz (Digital Bio-Amplifier System, NF Electronic Instruments, Yokohama, Japan), using a program (5100 Series Data Acquisition Software, NF Electronic Instruments) adapted for a personal computer (ThinkPad A30, IBM Japan, Tokyo, Japan).
Visual Electroencephalographic Scoring
Two investigators used standard criteria 16 to score sleep stages manually, using the blind polysomnography recordings taken every 30 seconds. Each recording was scored independently by both observers, and epochs in which the scorers disagreed were reviewed jointly. Sleep Probabilities for the appearance of SWS and REM sleep (rated from 0-1, by increments of ≈ 0.143) were calculated as the number of subjects who had SWS and REM at any given instant, divided by the total number of subjects (n = 7). Such values were calculated for each 30-second estimate of sleep structure. Sleep efficiency was calculated as the total sleep time divided by the time spent in bed.
Electroencephalogram Spectral Analyses
Fast Fourier transformations were performed on C3-A2-lead whole-night sleep data for all subjects, in order to obtain electroencephalogram power spectrum density for 30-second nonoverlapping windows. All spectra were estimated by averaging spectra obtained from 10 time-shifted subsets of 4096 data points. The power observed in the 0.75-to 4.5-Hz frequency band was regarded as slow-wave activity, a quantitative measure of slow-wave dynamics and a physiologic marker of the intensity of non-REM sleep. Any 30-second epoch containing an artifact caused by factors such as body movement or muscle contraction was arbitrarily replaced with an estimate obtained by linear interpolation from data obtained immediately before and after the artifact-containing epoch.
RR Interval Data Correction
RR intervals were measured from the electrocardiogram. All RR intervals were scanned for extra or missing beats that could affect the time-domain analysis. Abnormal intervals were corrected by either the insertion (for missing beats) or the omission of beats (for doubled or tripled beats). The number of beats thus corrected was <0.5%.
Statistical Analyses
Differences in sleep structure, T re , T l , RR interval, and slowwave activity between nights were assessed using 3-way analyses of variance or 2-factor repeated measures analyses of variance, as appropriate. Posthoc analyses used Tukey studentized range tests to compare means between pairs of conditions. Differences were considered significant when P was <0.05.
RESULTS
Representative changes in T a and T re for baseline and experimental nights are shown in Figure 1B . Statistically significant decreases in T re occurred during all sessions. The T re at lights out did not differ significantly between nights, but the nadir of T re seen on the experimental night was 0.2 o C lower than that observed on the baseline night (P < 0.05; Table 1 ). Furthermore, the nadir of T re on the experimental night was delayed by 86 minutes relative to the baseline session (P < 0.05; Table 1 ). T l at lights out and minimum T re did not differ significantly between nights ( Table 1 ). The RR interval at lights out also did not significantly differ between nights, but the RR interval at the nadir of T re was significantly increased on the experimental night relative to the baseline night ( Table 1) .
The order of presentation of baseline and experimental nights had no significant effects on the selected characteristics of T re , T l , and RR interval ( Table 1 ). All subjects reported that the T a of 29.5ºC was comfortable. Figure 2 depicts group-averaged patterns for the 5-minute mean RR interval, T l , T re , and cumulative slow-wave activity during baseline and experimental nights, from lights out to the shortest total sleep time among all polysomnography sessions. The RR interval from 205 to 360 minutes was slightly longer on the experimental night than on the baseline night (Figure 2 ). On the experimental night, T l values tended to be lower than on the baseline night, beginning at 135 minutes, and this difference became statistically significant from 165 to 175 minutes and from 205 to 270 minutes (Figure 2) . T re on the experimental night was significantly lower than on the baseline night from 240 to 360 minutes (Figure 2 ). Slow-wave activity on the experimental night tended to exceed that on the baseline night from 60 minutes, and this difference became statistically significant from 155 to 360 minutes ( Figure 2) .
On both nights, the greatest portion of SWS occurred from 0 to 180 minutes after lights out. The cumulative duration of SWS was similar for the 2 sessions until 60 minutes after lights out, but thereafter the probability of SWS was greater and SWS ac- Values are mean ± SD (n = 7) during second habituation, baseline, and experimental nights. Sleep phases are categorized as light (stages 1+2) sleep, slow-wave (stages 3+4) sleep (SWS), and rapid eye movement (REM) sleep. *Significantly (P < 0.05) different from second habituation and baseline nights.
Ambient and Core Body Temperature Changes and Sleep-Togo et al cumulated more rapidly on the experimental than on the baseline night ( Figure 3A ). On the other hand, the probability of REM sleep within each sleep cycle was delayed on the experimental night relative to the baseline night, and, from 150 minutes after lights out onward, the cumulative duration of REM sleep tended to increase more slowly on the experimental night than on the baseline night ( Figure 3B ). When sleep structures were compared between nights, the total duration of SWS was significantly greater during the experimental night than during the baseline night (Table 2 ). However, total sleep time, sleep efficiency, the total durations of light (stages 1+2) and REM sleep, and the latencies to sleep onset, SWS, and REM sleep did not differ significantly between sessions (Table  2) . Changes in the respective durations of REM and SWS bore no significant relationship to each other within the limits imposed by our small sample size (r = -0.57, P = 0.18).
There were no significant differences in any selected sleep structure between the baseline night and the second night of habituation (Table 2) . Further, the order of polysomnography sessions had no significant effects on any selected sleep structure (Table 2) .
DISCUSSION
SWS is related to brain or whole-body cooling, and such heat loss is thought to be associated with increases in brain and body temperatures during the preceding period of wakefulness. If brain and body temperatures are increased by either exercise or passive heating while a person is awake, then the amount of SWS is increased during the ensuing night; 17, 18 the amount of SWS is positively correlated with both T c at sleep onset 19 and the magnitude of the decrease in T c during sleep. 17 Environmental temperatures influence sleep structure through both direct thermal stimulation of the centers controlling sleep and waking 20, 21 and indirect thermoregulatory responses. 22, 23 If the environmental temperature exceeds the thermoneutral value, T c rises to a relatively constant level of 37 o C, and SWS is decreased. 24 In contrast, if T a is 21ºC or 24ºC (below the thermoneutral value of 29ºC for a naked sleeping human), T re drops, and the duration of SWS is decreased, with an increased frequency of arousals. 7, 13 Thus, the amount of SWS is maximal in a thermoneutral environment; this allows adequate heat loss without augmenting the number of arousals.
If T a is changed gradually within the thermoneutral range while subjects are asleep, this alters the minimum T re and can increase the amplitude of change in T re without augmenting arousals. 11 In this situation, the main factors that influence the dynamics and nadir of T re are likely to be changes in convective and/or radiant heat exchange, rather than changes in metabolic heat production, 14 and we would anticipate an increase of dry heat loss from the body.
In our experiment, although T a decreased gradually from 60 minutes after lights out, there were no significant differences of T l between baseline and experimental nights from lights out to 135 minutes (Figure 2) . The "overall" dry heat loss is proportional to both the body surface temperature and the difference between skin and ambient temperatures. 25 Thus, we believe that dry heat loss was increased on the experimental night compared to the baseline night, at least from 60 to 135 minutes after lights out. This additional heat loss in turn induced a decrease in both T re and T l , and the RR interval was lengthened slightly. The difference between T l and T a on the experimental night remained larger than on the baseline night from 135 minutes onward (Figure 2) , so that the dry heat loss on the experimental night likely continued to exceed that on the baseline night. However, the RR interval did not differ significantly between conditions for most of the observation period (Table 1, Figure 2 ). Changes in sleeping heart rate generally reflect changes in energy expenditure. 26 Therefore, although the longer total duration of SWS (the period of the night that includes the lowest metabolic rate 27 ) could have caused a temporary local decrease in heat production on the experimental night, our results do not suggest a decrease in metabolic heat production as the main cause of decreases in T re and T l .
Under the experimental condition, the total duration of SWS was increased, even if the length of the waking period, the amount of prior physical activity, and T re at the onset of sleep remained unchanged. The total duration of REM sleep was also decreased somewhat, due to the time delay within each sleep cycle caused by gradual changes in T a . However, this does not seem to have had a major impact on the overall sleep pattern, since REM in the experimental condition remained slightly longer than that previously reported for young (20-29 years of age) good sleepers with a total average sleep time of 375 minutes. 28 Further, within the limits of our data, the changes in duration of REM and SWS bore no significant relationship to each other. A constant T a within the thermoneutral range has a relatively limited influence on homeostatic function during sleep when compared to a T a outside the thermoneutral range. Nevertheless, our data offer a suggestion that a dynamic thermal environment that extends the declining phase and decreases the minimum of T c without increasing arousal might augment SWS. Further observations are desirable to confirm this outcome, since it seems a simple potential intervention to improve the overall quality of sleep. An important next step in this investigation will be to establish the T a pattern that maximizes the total duration of SWS. This is the first study to suggest that increasing passive heat loss during sleep has a positive effect upon sleep structure, especially SWS, without decreasing sleep efficiency. The underlying mechanism as yet remains unclear, but our results seem to support the model of sleep regulation proposed by Van Someren. 29 This model proposes that, although an increase in skin temperature has an important role in sleep regulation, optimization of sleep also requires a decrease in T c . An increase in skin temperature that induces heat loss stimulates thermosensitive peripheral skin neurons that innervate the predominant integrator of thermal information (the preoptic area/anterior hypothalamus). 30 Such impulses may in turn stimulate the thermosensitive neurons in the preoptic area/anterior hypothalamus that are responsible for inducing sleep. 31 On the other hand, a decrease in T c reduces the activity of the midbrain reticular formation. If a decrease in T c is prevented, sleep is impaired despite the increase in skin temperature that is evoked. 15, [32] [33] [34] Taken together with our findings that T l was lower in the experimental than in the baseline condition, it seems that an increase in skin temperature may not always be necessary to maintain sleep state and/or SWS after the onset of sleep. The changes in T re could be masked by changes in T a and sleep states, and, at present, it remains unclear how far the circadian system of our subjects was modified.
We may conclude that, although acute changes in T a cause frequent arousal, 35 gradual changes of T a within the thermoneutral range do not induce arousal. 9 From our data, it appears that an increase of passive heat loss caused by a decrease of T a during sleep increases the total duration of and/or the propensity to SWS without augmenting arousal. Changes in T a may thus prove an effective intervention to improve sleep structure in some types of insomnia. Many older individuals have difficulty in sleeping, due to a phase advance in T c and/or a smaller decrease of T c during sleep. 36, 37 In such individuals, heat loss is decreased during sleep. These agerelated physiologic changes and the resulting insomnia might be reduced through gradual nocturnal changes in T a , which would decrease the nadir of T c and delay its occurrence. Further research is needed to clarify the responses that we have observed and to test their reproducibility, especially in older individuals. Future studies on a larger sample of subjects should look at the detailed effects of changes in T a on circadian physiology (particularly heat production and heat loss) during sleep, focusing on the resultant decrease and phase delay in T c , and examining whether such changes are indeed helpful in the treatment of age-related insomnia. 
